The repulsive Hubbard Hamiltonian is one of the foundational models describing strongly correlated electrons and is believed to capture essential aspects of high-temperature superconductivity. Ultracold fermions in optical lattices allow for the simulation of the Hubbard Hamiltonian with control over kinetic energy, interactions, and doping. A great challenge is to reach the required low entropy and to observe antiferromagnetic spin correlations beyond nearest neighbors, for which quantum gas microscopes are ideal. Here, we report on the direct, single-site resolved detection of antiferromagnetic correlations extending up to three sites in spin-1/2 Hubbard chains, which requires entropies per particle well below s* = ln(2). The simultaneous detection of spin and density opens the route toward the study of the interplay between magnetic ordering and doping in various dimensions.
T
he Fermi-Hubbard model, which describes interacting fermions on a lattice, supports a rich phase diagram at low temperatures. Despite the conceptual simplicity of the Hubbard model, parts of its phase diagram, especially away from half-filling, and its connection to high-temperature superconductivity are still under debate (1) . Controlled experiments with ultracold fermions in optical lattices might provide new insight (2). For one particle per lattice site, the so-called half-filling regime of a balanced two-component fermion mixture, and repulsive interactions, the Hubbard model features a crossover from a metallic to a Mott insulating state when the temperature is lowered. For even lower temperatures, antiferromagnetic correlations are expected to develop in the Mott insulating phase owing to the superexchange mechanism (2) (3) (4) (5) . The paramagnetic Mott insulating state has been observed in seminal ultracold atom experiments involving trap-averaged quantities and, recently, at the single-atom level (6) (7) (8) (9) (10) (11) (12) . Detailed experimental studies of the thermodynamics of the Hubbard model also revealed its equation of state in the density sector down to temperatures at which short-range spinordering might occur (13, 14) . Unfortunately, the experimental preparation of low-entropy lattice fermions has proven to be extremely challenging, making the observation of longer ranged antiferromagnetism difficult. Important progress in revealing magnetic ordering in the Hubbard model has been reported with the observation of nearest-neighbor correlations via singlet-triplet spin oscillations (15) (16) (17) and short-range correlations deduced from optical Bragg spectroscopy (18) . However, the detection of the onset of magnetic order is complicated by the inhomogeneity of the trapped samples, in which different phases coexist. Microscopic control or detection helps to overcome this limitation, and the analog of antiferromagnetic correlations has been measured in small systems of up to three fermions (19) . Recently, local non-spin-resolved detection of ultracold fermions in single-lattice sites has been demonstrated (20) (21) (22) (23) , and the nonuniform entropy distribution in band and Mott insulating states has been observed in the density sector (11, 12, 24) .
Here, we report on a site-and spin-resolved study of antiferromagnetic correlations extending over up to three sites in one-dimensional (1D) spin-1/2 Hubbard chains realized with ultracold lithium-6 in an optical superlattice. Using our spin and onsite atom number-sensitive quantum gas microscope, we directly measured spin correlations together with density fluctuations in the system.
The fermionic atoms in each of the 1D lattice tubes are well described by the single-band Hubbard Hamiltonian
Here, the fermion creation operator is denoted by ĉ i;s † and the annihilation operator is denoted by ĉ i;s at site i for each of the two spin states s = ↑,↓. The operator n i;s ¼ ĉ i;s † ĉ i;s counts the number of atoms with spin s on the respective site. Three competing energy scales govern the physics of this system: intersite nearest-neighbor hopping with strength t, onsite interactions of strength U, and local trap-induced energy offsets e i . Here, t is controlled via the lattice depth, whereas U can be tuned independently in the experiment by using the broad Feshbach resonance of lithium-6 between the lowest hyperfine states j↓i ¼ jF ¼ 1=2; m F ¼ −1=2i and j↑i ¼ j1=2; 1=2i (25) , where F and m F define the hyperfine state of the atoms. In the experiments reported here, we exclusively worked with repulsive interactions U > 0, for which the Hubbard model supports finite-range antiferromagnetism with correlations suddenly appearing at distances beyond nearest neighbors for entropies per particle below the "critical" value of s* = S/Nk B = ln(2) (26) (27) (28) , where S is the entropy, N is the atom number, and k B is the Boltzmann constant. True long-range order is absent in the 1D Hubbard model even at zero temperature (4, 29) , and the algebraic decay of the correlations is strong even on a distance of a few sites (27, 28) . In the limit of very strong repulsive interactions and half-filling, the emerging spin order is intuitively understood from the mapping of the Hubbard model to a Heisenberg antiferromagnet with superexchange coupling J = 4t 2 /U (3). For weaker interactions, particlehole fluctuations become important, and the ground state is characterized by a spin density wave. In one dimension, the model is Bethe ansatz integrable (4, 29) , and precise predictions for the finite entropy spin correlations and density fluctuations have been reported in the parameter regime relevant to cold-atom experiments (27, 28) .
The experiments started with the preparation of a low-temperature balanced spin mixture of the j↑i and j↓i states in a single 2D lattice plane (24) . The final temperature and atom number was controlled by magnetic field-driven spill-out evaporation at repulsive interactions (30) . We set the final interaction strength using a homogeneous magnetic offset field in order to control the scattering length in the vicinity of the Feshbach resonance centered at 832 G (25) . Afterward, we ramped up the large spacing component (site separation a sl = 2.3 mm) of a superlattice (31, 32) in the y direction to prepare independent 1D tubes. Next, we slowly turned on a lattice with spacing a l = 1.15 mm along the tubes in the x direction using a 100-ms linear ramp to 11 E R , where E R ¼ h 2 =8ma 2 l denotes the recoil energy of the lattice for atoms of mass m and h is Planck's constant. The hopping strength is t = h × 125(9) Hz at this final lattice depth. The lattice filling was controlled by varying the evaporation parameters. To simultaneously detect the spin and density degrees of freedom of the 1D Hubbard chains locally, we froze the dynamics by rapidly increasing the lattice depth along the tubes to 42 E R within 1 ms, followed by a turn-off of the magnetic offset field in 20 ms. We obtained spin resolution using the superlattice potential and a magnetic field gradient in the y direction in a Stern-Gerlach-like setting. The magnetic field gradient shifted the potential minima experienced by the two spin states of opposite magnetic moment, and the subsequent adiabatic ramp-up of the short scale component of the y superlattice with well separation a l caused a separation of the spins into the two different sites of the local double well (Fig. 1A) . Applying this technique to a spin-polarized gas, we inferred a splitting fidelity of 98% limited by superlattice phase fluctuations of 25 mrad (30) . Last, we ramped up a 3D pinning lattice for detection and reconstructed the lattice site occupations from fluorescence images (Fig. 1 , B and C) after deconvolution with the measured pointspread-function (24, 30) . The above detection procedure enables us to detect the position of all spins, doublons, and holes in the system with single-lattice-site resolution, obtaining complete information about the system in Fock space.
First, we analyzed the spin correlations CðdÞ
To this end, we fixed the s wave scattering length to 671(10)a B , where a B is the Bohr radius, corresponding to U=t ¼ 12:6 and took a high statistics data set of 1200 individual pictures. We focused on the central region of the inhomogeneous sample, defining two spatial regions of interest for the analysis. The first one, referred to as the loose filter, involves all sites with an average density ni ¼ ni;↑ þ ni;↓ in the range ni ¼ 1 T 0:3. Here, we benefit from higher statistics, but there is a considerable effect of lower-density regions in the data. The second, so-called tight filter selects one specific tube and takes into account only sites closer to unity density with ni ¼ 1 T 0:1 (30) . The strong nearest-neighbor correlations of C(1) = -0.220(5) and C(1) = -0.34(9) observed for the loose and tight filtering correspond to 37 and 58%, respectively, of the expected zero-temperature signal in the Heisenberg limit ( Fig. 2) (27, 28) . These data are based on the average over all measurements taken for U/t > 8 (Fig. 3) . We observed significant correlations over a distance of up to three sites of the staggered correlator
A comparison between the experimentally measured correlator C(d) and finite-temperature quantum Monte Carlo (QMC) calculations for homogeneous Hubbard chains at half-filling allows the determination of the entropy and temperature of the lattice gas (30) . We inferred an effective local entropy per particle of s = 0.61(1) in the loosely filtered case, reducing to s = 0.51(5) for the tight filter, both significantly below s* = ln(2) ≈ 0.69. In a uniform system at half-filling, this lowest entropy corresponds to a temperature of k B T/t = 0.22(4) at U/t = 12.6 (30) .
In order to explore the properties of the Hubbard chains at different interaction strengths U/t, we measured spin correlations and particlehole fluctuations for varying onsite interactions U, while keeping the lattice ramp and final lattice depth constant at 11 E R (Fig. 3) . We compared the measurements to QMC results for a homogeneous system at half-filling for different temperatures and entropies. The dependence of the correlations on the interactions is rather different when comparing isothermal and isentropic state preparation. In the former case, a maximum of the correlations is expected at intermediate interactions U/t, where part of the entropy is carried by density modes (33) , whereas at large interactions, the correlations decrease owing to the smaller energy scale of spin excitations given by the superexchange coupling J. In the isentropic case of constant entropy, spin correlations saturate toward strong interactions, where the energetic gap between spin and density modes is large. At intermediate interaction strengths, the correlation behavior depends on the entropy, and a weakly pronounced maximum exists for intermediate entropies around s* = ln(2) (Fig.  3A) , whereas below s = 0.6, a monotone increase of the correlations with interaction strength is expected. Experimentally, we observed a saturation behavior of the spin correlations for U/t > 8. The inferred temperature dropped from k B T = 0.6t to 0.3t while increasing U/t from 8 to 16 correlations compared with the isentropic prediction at half-filling. We attribute this to a changing entropy distribution in the trap (8, 30) and a measured weak increase of the mean density in the analyzed region by 5%. In the regime of saturated spin correlations, the doublon and hole fractions reached their lowest value of P d = 5% and P h = 12%, respectively. The higher hole fraction is mainly caused by the loose filtering, which results in an effective hole doping in the analyzed region of the system; this doping is lower (P d = 3%, P h = 7%) for the tightly filtered data.
More insight into the behavior of the spin correlations can be obtained by making use of the full microscopic characterization of the system. To study the antiferromagnetic spin correlations away from half-filling, we show the nearest neighbor correlator C(1) per pair of sites versus their mean density in Fig. 4 . These data combine different data sets taken at U/t = 10.3 and also contain measurements at different temperatures, obtained by holding the cloud for up to 2.5 s in the 2D plane. We observed a clear dependence of the spin correlator on the local density, with strongest correlations close to hn i ¼ 1. Away from half-filling, both to higher and lower densities, a strong decrease of the correlations is observed, reflecting that doping reduces spin order (2). Generally, the data scatter is much higher than expected just by statistics-that is, at a given density we observe events with a range of significantly different nearest-neighbor spin correlations. This reflects the distribution of entropy within each cloud, as well as between the measurement settings. To further analyze the data, we selected a density interval h n i i ¼ 1 T 0:1 and calculated the normalized variance of the density Varðn Þ=hn i for all pairs of sites in this window. These fluctuations reflect the entropy in the density sector, whereas the nearest-neighbor spin correlations are a measure of the spin entropy. We show their mutual dependence in the inset of Fig. 4 , identifying two distinct regimes of total entropy. In the regime below s* ¼ lnð2Þ½Cð1Þ ≲ −0:15, the density fluctuations depend only weakly on the total entropy (27, 28) , which in turn is stored in the spin fluctuations. Only when these are saturated at s* do the density fluctuations grow, visible in their steep rise when the spin correlations are just below zero. The freezing of density fluctuations renders them useless as a thermometer in the lowentropy regime, whereas the highly temperaturesensitive (and entropy-sensitive) spin correlations are ideal for this purpose down to T = 0 (27) .
Such a "spin thermometer" (30, 34) is a crucial step toward optimized cooling (35, 36) to lower entropies required to study, for example, d wave superfluidity away from half-filling (37) . The demonstrated measurement of all relevant degrees of freedom gives access to spin-density correlators, which are essential to reveal the interplay of magnetism and doping. Furthermore, the combination of superlattices and local detection will allow for the search of an adiabatic path between low-entropy valence bond solids (15) or plaquette-resonating valence bond states (38, 39) and the Heisenberg antiferromagnet (40), Recently, we became aware of similar experimental results in two dimensions (42, 43) .
within this paper and other findings of this study are available from the corresponding author upon reasonable request. A central question in the study of cuprate high-temperature superconductors is how spin and charge correlations give rise to the wealth of observed phenomena. Antiferromagnetic order present in the absence of doping quickly gives way to superconductivity upon doping with holes or electrons (1), suggesting the viewpoint of competing phases. On the other hand, antiferromagnetic correlations can also occur in the form of singlet bonds between neighboring sites. In fact, it has been proposed (2) that superconductivity could result, upon doping a Mott insulator, from the condensation of such resonating valence bonds. It has also been argued (1) that the pseudogap and "strange metal" regions are supported by a liquid of spin-singlets. This argument has spurred the simultaneous examination of nearest-neighbor spin and charge correlations, which might reveal the underlying mechanisms of pairing and transport.
In recent years, ultracold atomic gases have been established as pristine quantum simulators of strongly correlated many-body systems (3) (4) (5) . The Fermi-Hubbard model is of special importance, thanks to its paradigmatic role for the study of high-critical temperature cuprates. At low temperatures and away from half-filling, solving the Fermi-Hubbard model theoretically is very challenging because of the fermion sign problem. Central properties of Fermi-Hubbard physics-from the reduction of double occupancy (6, 7) and of compressibility (8, 9) as the repulsion is increased, to short-range antiferromagnetic correlations (10) (11) (12) and the equation of state (9, 13, 14) -have been observed in ultracold atom experiments. The recently developed Fermi gas microscopes (13, (15) (16) (17) (18) (19) have led to the direct observation of two-dimensional (2D) fermionic Mott insulators, band insulators, and metals with singleatom, single-site-resolved detection (20, 21) . The strength of this technique, however, is on full display when single-site detection is used to directly measure correlations in the gas, as has been achieved with bosons (22) (23) (24) .
